Abstract
Introduction
A hypothesis has been presented for the apparent transformation of a typhoon into an extratropical cyclone in middle latidudes that the typhoon does not transform herself into an extratropical cyclone but induce an extratropical cyclone on the preexisting front to form a complex system with it, and that the induced extratropical cyclone develops to usurp the typhoon, resulting in the apparent extratropical transformation of typhoon (Sekioka, 1956a) . This hypothesis has been confirmed through the later investigations of typhoons (Sekioka,1956b (Sekioka, , 1959a (Sekioka, , 1959b (Sekioka, and 1970 and a hurricane (Matano, 1958b) .
At that time when the hypothesis was first presented, the origin of the induced extratropical cyclone was not fully verified due to lack of data over the continental China in analyzing the apparent extratropical transformation of typhoon Marie, 1954 , who caused the calamity of Ferryboat Toya-maru.
Since then, the analyses of hurricane Hazel, 1954 (Matano, 1958b and typhoon Babs, 1956 (Sekioka, 1959b clarified the inducement of the participant extratropical cyclone on the pre-existing front which invades into a * Present affiliation: T .I.A. Aviation Weather Service, J. M. A., Tokyo, Japan typhoon or hurricane. It was also confirmed that a typhoon decaying out without an extratropical appearance was not accompanied by the induced extratropical cyclone, because the pre-existing front was so distant from a typhoon or such a front was absent (Sekioka, 1957) .
However, another situation was experienced over the Japanese Islands that a pre-existing extratropical cyclone encountered with a typhoon and transformed the typhoon into an extratropical cyclone in appearance (Matano, 1965) . This system is to be distinguished from the already mentioned complex system, because the participant extratropical cyclone is not induced by a typhoon but pre-exists without any direct relation to a typhoon. Though the role of participant extratropical cyclone played in the apparent extratropical transformation of a typhoon is all the same in these two systems, the genesis is quite different. Then the system is hereafter called the compound system in contrast with the complex system.
In the previous investigations, the concerned synoptic situations were so complicated to extract the characteristic features and to confirm the dynamical conditions favorable for the development of participant extratropical cyclone. On the contrary, the synoptic situation is relatively simple, in case of typhoon Cora, 1969 , to treat the development of participant extratropical.
cyclone, because the immediate influence of a typhoon is seen to be feeble. Typhoon Cora had the unusual course with a discontinuous turning over the northern part of Japan proper, therewith she redeveloped and was transformed into an extratropical cyclone in appearance.
In the present paper, the aspect of apparent extratropical transformation of Cora is brought into focus from the view-point that Cora is the compound system. Before proceeding to the main subject, the general description is given in brief in the following section.
General
Typhoon Cora, who was born over the tropical Pacific northwest of Truck on 13th August, 1969, landed at Satsuma Peninsula, Kyushu, about 01 GMT 22nd August, via the Loochoo Islands. The central pressure was 960 mb at landing. Since then, Cora travelled northeastward over the Japanese Islands, decaying to the central pressure of 986 mb at 06 GMT 23rd over the northern part of Kanto. Thereafter she took her course discontinuously north-northeastward to the middle part of Tohoku at 12 GMT 23rd. During these 6 hours, Cora redeveloped to the central pressure of 982 mb at 09 GMT and transformed herself into an extratropical cyclone in appearance accompanied by warm and cold fronts. mb charts prepared 12-hourly are given in Figs. 2a-2e, to show the frontal features and the surrounding pressure field related to Cora in broad survey. A cold cyclonic vortex stayed over Manchuria, from 00 GMT 22nd to 00 GMT 24th, as seen in these figures. A nascent extratropical cyclone appeared at 12 GMT 22nd on the preexisting front over the Korean Peninsula, lying between Cora near Japan and the cold vortex over Manchuria (Fig. 2b ). This extratropical cyclone was not seen on the weather chart at 00 GMT 22nd (Fig. 2a) . This cyclone developed during its eastward journey over the Japan Sea, approaching Cora who was decaying over the Japanese Islands in her northeastward journey (Figs. 2b and 2c) . Cora is seen to be retained in the southward projection of 1380 gpm contour at 12 GMT 23rd, which implies the compound system (Fig. 2d) . The participant extratropical cyclone is seen to visit Hokkaido at 00 GMT 24th, via Tokoku, after its eastward journey along the latitude of 40 degrees in north over the Japan Sea (Fig. 2e) . The synoptic behavior of Cora over the Japanese Islands is characteristically classified into three phases as follows; the first phase is before 06 GMT 23rd and is of purely tropical nature, the second phase is from 06 GMT 23rd to 12 GMT 23rd and is of tropical and extratropical natures, and the third phase is after 12 GMT 23rd and is almost of extratropical nature. Of these phases, the principal interest of the present study is concerned with the second and third phases, to throw light on the aspect in which the typhoon has an extratropical appearance.
The synoptic characteristics in the first phase are all the same as those obtained in the previous studies cited in references (Namekawa and Aoki, 1936; Aoki, 1954; Matano, 1956a Matano, , 1957 Matano, , 1958a Matano, , 1958b Matano, , 1960 Matano, , 1965 Sekioka, 1956a Sekioka, , 1956b Sekioka, , 1959b . Here are mentioned only the important features, recapitulating the essential concept related to the present study. So the details are to be refered to the cited literatures.
A tropical cyclone comes into synoptic existence first as the tropical vortex, which develops gradually to maturity.
A tropical cyclone evolves into a severe typhoon when the typhoon vortex breaks out spontaneously in the inner region of mature tropical vortex. The tropical vortex is a mother body of typhoon and it is a conservative system. The severity of typhoon originates from the typhoon vortex, which is a variable system embeded in the larger and taller tropical vortex. When such a typhoon, namely a tropical vortex accompanied by a typhoon vortex, hits the Japanese Islands, the typhoon vortex decays more or less rapidly, surviving the tropical vortex. The tropical vortex also begins to decay after the typhoon vortex dissipates out. While the typhoon vortex is intense, it overwhelms the pressure field of tropical vortex and the center of typhoon vortex stands for the apparent center of typhoon, resulting in the eccentricity of circular isobaric pattern. As the typhoon vortex decays, the tropical vortex restores its own pressure field and the center of tropical vortex appears in company with the center of typhoon vortex, resulting in the apparent two separate centers, and eventually stands for the apparent center of typhoon, therewith the eccentricity disappears. Hiroshi Matano and Mitsuru Sekioka 285 These circumstances are well represented also in the present case. As seen in Fig. 3a , there is exhibited the eccentricity. The outer circular isobars, say 992 mb or 996 mb, are almost conserved in dimension, though the inner isobars are rapidly changed, some of them even disappearing. Fig.  3b shows that there are two separate centers, the northside center being situated nearly on the geometric center of outer circular isobars and the southside center being situated on the course of typhoon so far traced as the apparent center of typhoon. The geometric center of outer isobars takes its course parallel to the apparent course of typhoon before two centers appear.
These circumstances are also seen on the 850 mb charts, as shown in Figs. 2a-2c. For example, the dimension of 1380 gpm contour related to Cora is almost conserved and the apparent center is eccentric, compared with the geometric center of 1380 gpm contour.
As already mentioned, those are not the main topics of the present paper, but the basic concept on the evolution of tropical cyclone into a severe typhoon is recapitulated in relation to the present study, referring to the first phase of typhoon Cora.
It is noticed that the participant extratropical cyclone which came into existence over the Korean Peninsula was at that time so distant from typhoon Cora that the tropical vortex as well as the typhoon vortex had only a little influence upon the participant extratropical cyclone, and also that the typhoon vortex of Cora had almost dissipated out to survive the tropical vortex which had begun to decay when the participant extratropical cyclone came near to typhoon Cora. It is a very important aspect for the present study that the second phase of typhoon Cora started with these situations where the surviving tropical vortex had begun to deca.
Analyses (i) Synoptic aspect
As mentioned in the foregoing section, the typhoon vortex of Cora had dissipated out on the weather chart at 00 GMT 23rd, thereafter Cora was only the tropical vortex which had begun to decay. Then the second phase, in which Cora took tropical and extratropical natures, began after 06 GMT 23rd.
In Figs. 3a-3d, the essential features of this phase are shown on the 3-hourly surface weather charts from 00 GMT 22nd to 00 GMT 24th. The two separate pressure centers appeared on the surface weather chart at 06 GMT 23rd, where the northside center was clearly the center of extratropical cyclone and the southside center was the center of tropical vortex.
As seen in Fig. 2d , the two separate centers appeared also on the 850 mb chart at 12 GMT 23rd, where the southside center was implied in the southward projection of 1380 gpm contour. This phenomenon of two separate centers is the typical features of the second phase, though the similar phenomenon being seen in the first phase as shown in Fig.  3b , which is also the typical feature of the first phase.
The participant extratropical cyclone can be recognized on the surface weather chart near the East Korean Bay before 18 GMT 22nd and also near the Japanese Islands after 03 GMT 23rd.
On the other hand, it can be recognized over the Japan Sea on the ESSA 8 photomosaic at about 00 GMT 23rd as shown in Fig. 4 . Thus the participant extratropical cyclone can be confirmed to travel from the Korean Peninsula to the Japanese Islands traversing over the Japan Sea.
Separation of the pressure field of compound system into the pressure field of participant extratropical cyclone and that of tropical vortex is a difficult problem.
In the present case, the pressure field of tropical vortex is removed from the actual field by the procedure used in the case of complex system (say, Sekioka, 1956a) (Matano, 1956a) . Thus the pressure-drop due to the tropical vortex at any time can be calculated and removed from the actual pressure field to obtain the pressure field free from the influence of tropical vortex. Fig. 5 shows an example of the calculated pressure field free from the influence of tropical vortex at 06 GMT 23rd, corresponding to Fig.  3c , where the plausible pressure field of extratropical cyclone appears, and it is considered the pressure field due to the participant extratropical cyclone.
In Table 1 , there are listed the central pressure of tropical vortex and participant extratropical cyclone calculated through the above mentioned procedure. For example, the central pressure, 986 mb, of the participant extratropical cyclone at 09 GMT 23rd is influenced by the pressure-drop, 4 mb, due to the tropical vortex at the center of participant extratropical cyclone and it is lowered to 982 mb in appearance.
As seen from After 12 GMT 23rd, the tropical vortex decayed further and the participant extratropical cyclone usurped typhoon Cora at last as her successor, as seen in Fig. 3d . Thus the third phase began after 12 GMT 23rd. As seen in Table 1 , the central pressure of participant extratropical cyclone ceased its further development after 15 GMT 23rd; it was of course reflected in the apparent variation of central pressure.
(ii) Dynamic aspect
The synoptic l;c . vior of participant extratropical cyclone descn ved in the foregoing paragraph is considered from the dynamic view-point, laying stress on the development of participant extratropical cyclone.
It is well known that cyclone development at The participant extratropical cyclone of hurricane Hazel is considered to be formed on the pre-existing front from two different view-points; the first one is that the vorticity advection ahead of the advancing upper trough results in cyclone development (Hughes et al., 1955) , and the second one is that the front invades into the inner region of the tropical vortex and induces a new extratropical cyclone on it to form the complex system (Matano, 1958b) .
In the present case, the participant extratropical cyclone of Cora is formed on the pre-existing front by the process similar to the first of the above-mentioned two view-points. However, the situation in the present case is quite different from that of Hazel in the aspect that the front does not invade into the tropical vortex before the formation of participant extratropical cyclone. For reference, the situations related to Hazel are shown in Figs. 9a-9b , which are cited after Hughes et al. (1955) and are at the same time the incentives to the application of the complex system hypothesis (Matano, 1958b) .
As seen from these examples, two separate centers and other related appearances, previously noticed, are understood to be inherent to the structural characteristics of the systems rather than to be accidental due to the topography and Thus the compound system is to be introduced in the nomenclature of a series of studies by the present authors, to discriminate it from the comp,'ex system.
(iii) Numerical consideration
Here we consider dynamically the situation that the participant extratropical cyclone develops to its climax, while the tropical vortex continues to decay, in the compound system.
As seen in Figs. lOa and lOb, the extratropical cyclone was in whole situated under the area of ascending motion at 12 GMT 22nd, whereas at 12 GMT 23rd the fore-half of the cyclone was situated under the area of ascending motion and the rear-half under the descending motion. These imply that the cyclone was to be in the developing tendency at 12 GMT 22nd and the cyclone was to be its climax at 12 GMT 23rd. Table  1 .
As seen also in Table  1 , the tropical vortex where IT/p=cam-q5 and it is constant with height within the troposphere (Matano, 1956b) . Then the kinetic energy K* of tropical vortex within the radius r0 and the height H is expressed where p is the mean density of the air within the given volume of the total vortex. Assuming that 3=z0.7 x 10-3 gm cm-3, H=10 km, r0 = 660 km and p (at sea level) =1.0 x 10-3 gm cm-3 and using the analyzed values of b =160 km, H =16 mb (at 00 GMT 23rd) and H= 10 mb (at 12 GMT 23rd), the kinetic energy of the tropical vortex is calculated by eq. (6) as follows; K* =15 x 1024 erg at 00 GMT 23rd and K*=9 x 1024 erg at 12 GMT 23rd.
Thus the decrease of kinetic energy per unit time becomes OK*/ot = -14 x 1019 erg sec-1.
From the theoretical view-point, the variation of kinetic energy per unit mass is expressed in the conventional notation as follows; or in the flux form r where K= 1 (vr2+ve2) and x=VrFr+V0F0 (frictional term). Taking into consideration the boundary conditions of the atmosphere in the closed system, the first and second terms in the right hand side of eq. (8) vanish when eq. (8) is integrated over the whole region.
Then eq. (8) hernmee
The first term of the right hand side of eq. (9) corresponds with the production of kinetic energy or the work done by the pressure force, and the second term the frictional dissipation of kinetic energy. In the production of kinetic energy runs down, the kinetic energy must dissipate away through the frictional effect. Palmen et al. (1955) calculated the kinetic energy and the production of kinetic energy of a mean tropical cyclone within the radius of 6 degrees in latitudes, corresponding to the first term of the right hand side of eq. (9), and get ca. 12x 1024 erg for kinetic energy and ca. 15x 1019 erg sec-1 for the production of kinetic energy of a mean tropical cyclone. Comparing this value with the value already mentioned for the decrease of the kinetic energy per unit time of the tropical vortex (14 x 1019 erg sec), the order of magnitude is almost same in the opposite sign. It is therefore supposed that the tropical vortex of Cora decreased its kinetic energy at its own expense by the frictional dissipation due to the lack of the production of kinetic energy. If the tropical vortex has no direct relation to the participant extratropical cyclone such as the tropical vortex behaves itself at its own expense as shown in the foregoing discussion, it is possible to estimate the energetics of the participant extratropical cyclone from the actual synoptic field of the compound system at 12 GMT 23rd. The production of kinetic energy or .the work done by the pressure force is here calculated after Palmen (1958) for the area shown in Fig. 12 . The area is divided into two blocks, the first and third quadrants, each being a rectangle of five degrees in latitude and in longitude in sides. The second and fourth quadrants are excluded, there being no observation of upper air. As seen in Fig. lOb , the blocks 1 and 2 almost represent favorably the ascending and descending areas respectively. The calculated results are shown in Table 2 , comparing with Palmen's results for hurricane Hazel to ascertain the appropriateness of the present caluclation.
There being some discrepancy, these two sets of values are rather in good accordance in both the sign and the order of magnitude. The amount of increased kinetic energy in the block 2 is estimated about 50 x 1019 erg sec-1, whereas the amount of decreased kinetic energy in the block 
